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We have performed density functional theory calculation and tight binging analysis in order to in-
vestigate the mechanism for the giant Rashba-type spin splitting (RSS) observed in Bi/Ag(111). We
find that local orbital angular momentum induces momentum and spin dependent charge distribu-
tion which results in spin-dependent hopping. We show that the spin-dependent interatomic-hopping
in Bi/Ag(111) works as a strong effective field and induces the giant RSS, indicating that the giant
RSS is driven by hopping, not by a uniform electric field. The effective field from the hopping
energy difference amounts to be ≈18 V/A˚. This new perspective on the RSS gives us a hint for the
giant RSS mechanism in general and should provide a strategy for designing new RSS materials by
controlling spin-dependence of hopping energy between the neighboring atomic layers.
There has been a recent surge in the study of Rashba-
type spin splitting (RSS) due to its role in the field of
spintronics [1–3] as exemplified by spin field effect tran-
sistor [4–6], spin orbit torque [7, 8] and spin to charge
conversion studies [9–11]. In addition to achieving con-
trollability of the splitting [12–14], an important direc-
tion in the research is to increase the splitting energy
[15, 16]. For that reason, there have been extensive stud-
ies on the so-called giant RSS systems such as Bi/Ag(111)
and Pb/Ag(111) [15, 17–21]. Several proposals have been
made to explain the giant RSS such as the role of in-plane
potential gradient [22–24]. However, they could not pro-
vide quantitative explanation for the giant RSS.
RSS was conventionally understood to be from an ef-
fective Zeeman coupling between the electron spin and
a relativistic magnetic field for a moving electron in an
electric field [25], but it was recognized that its energy
scale is too small to induce the split energy [26, 27]. It
was recently shown that local orbital angular momentum
(OAM) induces an electric polarization, and its coupling
to the electric field can fully account for the scale of the
energy splitting [28–30]. Even in this picture, the elec-
tric field perpendicular to the surface or interface plays
a crucial role in typical systems such as Au(111) surface
states [26]. However, the extraordinary giant RSS found
in Bi alloy on Ag(111) challenges the role of perpendicu-
lar electric field [15].
While it is evident that OAM should still play the
key role by inducing the momentum dependent polar-
ization to account for the energy scale, the electric field
required for the giant RSS is unreasonably strong. A
possible solution to the issue may come from an effec-
tive electric field which can be much stronger than the
ordinary field from potential gradient. Our strategy is
to focus on the effect of the OAM on the hopping en-
ergy and investigate it by using density functional the-
ory (DFT) calculation as well as tight binding (TB)
analysis. We find that charge configurations for differ-
ent spin states vary, which result in an spin-dependent
interatomic-hopping strength. We therefore argue that
it is the spin-dependent interatomic-hopping that plays
the role of the inversion symmetry breaking (ISB) field
to induce the giant RSS in Bi/Ag(111), not the conven-
tional electric field. Our new picture should be applicable
to other systems with large RSS.
For non-collinear DFT calculations, we use Vienna Ab
initio Simulation Package (VASP) [32–35] and OpenMX
codes [36–38]. Using VASP code with the general-
ized gradient approximation of Perdew-Berke-Ernzerhof
(GGA-PBE) [39], we optimize the lattice constant of fcc
Ag until the internal atomic force becomes less than 10−8
eV/A˚ and get a = 4.15 A˚. From the lattice constant, we
construct the structures of Bi/Ag(111) and BiAg2, and
calculate the band structures, spin and OAM. By taking
Ag away from BiAg2, we construct Bi triangular mono-
layer and calculate the electronic structures. For analysis
on the orbital composition of the Rashba-split bands, we
use OpenMX code with s2p2d2 pseudo-atomic basis or-
bitals and PBE potentials for Bi and Ag atoms.
For the analysis on the relation between the RSS and
other physical quantities, we construct a minimal TB
model based on the DFT results and analyze it within
the perturbation theory. We consider, for each spin, one
s-orbital at each of two Ag atoms in the unit cell, and px-,
py-, and pz-orbitals at Bi atom. Hamiltonian matrix ele-
ments are obtained following the Slater-Koster’s scheme
[40]. We find parameter sets for the bond integrals that
qualitatively reproduce the giant RSS and overall band
structures.
In Fig. 1(a), we present the crystal structure of
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FIG. 1. (a) Crystal structures of Bi/Ag(111) and its topmost layer BiAg2. Figures are produced by using VESTA. [31] (b)
Electronic structures of BiAg2 (left axis, black and red thick lines) and Bi/Ag(111) (right axis, grey thin lines) at ∆z = 0.65
A˚. (c) Spin and OAM textures of J ≈ 1/2 bands of BiAg2 in reciprocal k-space. (d)-(g) Electronic structures of BiAg2 for
various ∆z values. Red lines denote the Bi J ≈ 1/2 bands. (h) The size of RSS at k = 0.02 A˚−1 (∆E) as a function of ∆z.
The maximum ∆E value occurs when ∆z is in between 0.65 and 1.5 A˚.
Bi/Ag(111) alloy system. It was previously noticed that
the surface states are strongly localized in the top-most
layer [24]. We confirm this from the fact that the band
structures of Bi/Ag(111) and BiAg2 monolayer show al-
most identical giant RSS. (Fig. 1(b)) Figure 1(c) shows
the chiral spin and OAM textures of the split bands of
BiAg2 which clearly reproduce the essential features of
Bi/Ag(111) surface states [41]. As the Rashba states are
almost the same, we continue our discussion based on the
BiAg2 for the sake of simplicity (no bulk states present).
It has been known that the size of RSS in BiAg2 is
highly sensitive to the buckling distance ∆z in Fig. 1(a)
[17, 24]. In Figs. 1(d)-(g), we present the band struc-
tures for various ∆z values and highlight the Bi J ≈ 1/2
bands (red lines) which show the largest RSS. The split-
ting energy (∆E) against ∆z is depicted in Fig. 1(h).
As expected, there is no splitting when ∆z is zero since
there is no ISB. As ∆z increases, ∆E initially increases
very sharply. It hits the maximum at ≈1 A˚ and then
decreases. When ∆z is far enough, the band structure
becomes independent bands of Ag hexagonal lattice and
Bi triangular monolayer.
We first check out the possibility that the giant RSS is
induced by a uniform surface field. In order to study the
possible surface field, we compare the ∆E of BiAg2 and
Bi triangular monolayer under an external field. (Fig.
(a)
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FIG. 2. (a) Crystal structure of Bi triangular monolayer. An
external electric field Eext is applied perpendicular to the Bi
plane. (b) Electronic structure of Bi monolayer under Eext =
0.5 V/A˚. J ≈ 1/2 bands are shown in red. (c) The splitting
energy at k = 0.02 A˚−1 (∆E) as a function of Eext. Blue
dashed lines represent the required Eext for Bi monolayer to
have the same ∆E of the BiAg2 J ≈ 1/2 bands, estimated at
different ∆z values.
32(a)) We plot the band structure of Bi monolayer un-
der Eext = 0.5 V/A˚ in Fig. 2(b). The pair of bands
colored in red is mainly from Bi J ≈ 1/2 states and
shows a RSS energy of 29 meV at k = 0.06 A˚−1, which
is comparable to one obtained in previous studies but
much smaller than the value observed in BiAg2 [15, 42].
In Fig. 2(c), we plot ∆E of Bi triangular monolayer as
a function of the applied field strength Eext. The ∆E
increases linearly with Eext as the linear fit shows (red
line). Based on the extrapolation of the data, one can
estimate the Eext required to split the J ≈ 1/2 bands of
Bi as much as those of BiAg2. A few cases for different
values of ∆z are presented with blue dashed lines in the
figure. One can see that a field stronger than ≈18 V/A˚ is
needed to make ∆E of Bi monolayer comparable to that
of BiAg2 with ∆z = 1 A˚. The TB analysis we considered
in our previous study [30] also shows that we need to
apply Eext ∼ Vspσ/Vppz (eV/A˚) ∼ 10 (eV/A˚) to achieve
a similar ∆E (Vspσ is the bond integral between s- and
p-orbitals in the σ bond, and Vppz is the electric-field-
induced hopping between neighboring pz orbitals in the
Bi monolayer). Considering typical values of work func-
tion (a few eV) and the length scale of the surface depth
(a few A˚) [27], it is unrealistic for Bi to have an effective
field as strong as ≈18 V/A˚ from Ag sublayer. This im-
plies that the effective surface field is not the probable
cause of the giant RSS observed in Bi/Ag(111).
In order to find the true mechanism of the giant RSS
in BiAg2, we use DFT and TB analysis to investigate
the interaction between Bi and Ag. In Fig. 3(a), we
plot the partial charge densities of the Rashba-split bands
projected on the (110) plane passing through Ag-Bi-Ag
atoms. In addition to the obvious Bi p-orbital feature,
there is contribution from Ag orbitals which clearly in-
dicates hybridization between Bi and Ag. Interestingly,
there is a clear difference between the Ag contributions
from the two Rashba-split bands; the partial charge den-
sity of the upper band has significant Ag contribution
while the lower band has very little. As the momen-
tum k increases away from the Γ-point, the difference
becomes more distinct. The difference is accompanied
by an asymmetric charge distribution around Bi. We
can see in Fig. 3(a) that the Bi states in the upper band
spreads downward while they move upward in the lower
band. This behavior is reminiscent of the k-dependent
asymmetric charge distribution induced by the existence
of local OAM [28–30].
Based on the linear combination of atomic orbitals
(LCAO) coefficients from DFT calculation, we quan-
titatively investigate the composition of the bands,
and present the difference in Ag s-orbital contributions
(∆Ag(s)) and ∆E for ∆z = 3, 4 and 5 A˚ in Fig. 3(b).
Both ∆E and ∆Ag(s) increase linearly with k, and in-
crease as ∆z decreases. These results imply that OAM-
induced asymmetric charge distribution around Bi results
in different hybridization strength between Bi p- and Ag
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FIG. 3. (a) Partial charge densities of the Rashba-split
bands of BiAg2 with ∆z = 4 A˚ at selected k-points of
k1 = (0.06, 0, 0), k2 = (0.12, 0, 0) and k3 = (0.18, 0, 0) in
unit of 2pi/a. We merge partial densities of six symmetrically
indistinguishable k-points. (b) The size of splitting (left axis,
lines) at wave vector (k, 0, 0) and difference in Ag s-orbital
contributions between the split bands (right axis, markers)
from DFT calculations. (c) The size of splitting (lines) and
the difference in the averages of s-p hopping energy between
two split bands (markers) from TB calculations.
s-orbitals for the two split bands and that the difference
in the hybridization dominates the energetics of RSS. We
note that the two pairs of Bi J ≈ 3/2 bands located above
the Bi J ≈ 1/2 bands have comparable or smaller RSS
because the charge distributions of Bi J ≈ 3/2 states has
dumbbell-like shape in the Bi plane, and is thus relatively
less dispersive along the z-direction [30]. This results in
a smaller overlap or hybridization between Bi and Ag
orbitals.
To examine the correlation between ∆E and
anisotropic hybridization strength in Rashba-split bands
analytically, we consider a TB model for BiAg2 mono-
layer (see Supplementary Information for detail). From
TB analysis, we derive a Rashba Hamiltonian of the form
HR = EΓσ0 + αRk× σ · zˆ (1)
around the Γ-point where αR = 4
√
3VspσAsAxy and σi
is the Pauli matrix. Here, As and Axy are amplitudes
of s- and px(y)-orbitals at the Γ-point. We assume that
the lattice constant is equal to 1 for convenience. This
leads to ∆E ≈ 8√3|Vspσ|AsAxyk and is well described
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FIG. 4. (a) Schematic band structure and wave functions. (b),(c) Partial charge distributions at k = 0 and k 6= 0. (d) Orbital
energy-level diagram for BiAg2 and chiral spin/OAM of split bands.
by ∆〈Hsp〉, the difference between the averages of s-p
hopping energy between the two Rashba-split bands as
shown in Fig. 3(c). Equation (1) implies that the gi-
ant RSS stems from the large value of Vspσ (≈1 eV) and
the high s- and px(y)-orbital contents. ISB makes As fi-
nite through the finite overlap between s- and pz-orbitals,
which allows the RSS. Then, the RSS is largely amplified
by a large Vspσ. These processes are simply character-
ized by ∆〈Hsp〉 in the long wavelength limit. We further
show that ∆〈Hsp〉 is manifested as the physical quantity
∆Ag(s) by the explicit formula
∆E ≈ γ∆Ag(s) (2)
where γ is a constant evaluated from the eigenvalues and
wave functions at the Γ-point.
Based on the DFT and TB analysis, we propose a
mechanism of the spin-dependent interatomic-hopping
for RSS as schematically described in Fig. 4. Since k = 0
at the Γ-point (Fig. 4(b)), Bi p-orbital forms symmet-
ric charge distribution centered at the Bi atom. Thus,
two spin bands are degenerate, as also required by the
Kramer’s theorem. Away from the Γ-point, asymmetric
charge distribution around Bi develops as plotted in Fig.
4(c) because of the local OAM in the J ≈ 1/2 state and fi-
nite crystal momentum k [28–30]. We denote those states
by |Bi(p),downward〉 and |Bi(p),upward〉, depending on
how the wave function extends. Note that charge den-
sities of the two states extend in opposite directions be-
cause the OAM chiralities are opposite for the two states
as seen in Fig. 1(c). As a result, the two states have dif-
ferent hopping strength with Ag; |Bi(p),downward〉 and
|Ag(s)〉 have a considerable overlap and a large hopping
parameter tdn, while |Bi(p),upward〉 and |Ag(s)〉 over-
lap less and thus have a smaller hopping parameter tup.
Consequently, the bonding and anti-bonding states of
|Bi(p),downward〉 and |Ag(s)〉 have larger energy shifts
than those of |Bi(p),upward〉 and |Ag(s)〉 as shown in
Fig. 4(d). Then, the energy difference between the two
anti-bonding states determines the size of RSS. Note that
the split energy is linear in k because the charge asym-
metry is proportional to k× L.
Our spin-dependent interatomic-hopping induced RSS
model tells us that the direction of spin/OAM chiralities
can be controlled by relative energy levels of the sur-
face and substrate atoms. In the case of Bi/Ag(111),
the energy level of the Bi p-orbital lies higher than that
of Ag s-orbital. Therefore, Bi p-orbital mainly con-
tributes to the anti-bonding states which show the giant
RSS. If Bi p-orbital has lower energy than the substrate
atomic orbital, Bi p-orbital would mostly contribute to
the bonding states, and the bonding states will show gi-
ant RSS. In that case, |Bi(p),downward〉 will comprise
the lower band, and spin/OAM chiralities will be oppo-
site to those of Bi/Ag(111). Controlling the direction
of chirality within our scheme will further back up our
spin-dependent interatomic-hopping induced RSS model.
An important aspect of our model is that it tells us
three conditions to have a giant RSS. First, surface states
should be localized within the length scale of the atomic
distance to generate significantly asymmetric charge dis-
tribution upon ISB. Then, the surface atom must have
a strong atomic spin-orbit coupling in order to have sig-
nificant OAM (J state) and thus develop |upward〉 and
|downward〉 states under ISB. Finally, there must be
5proper overlap between surface and subsurface orbitals
to maximize the energy difference between tup and tdn.
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with a similar conclusion [43].
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